Abstract. We have fabricated a wearable graphene-coated fiber sensor and achieved the monitoring of the key motions of soccer. Most movements, even minor ones, could be identified by the sensor. The recorded data indicated ultrahigh sensitivity and a wide maximal sensing range on the part of the sensor. In addition, the data from sensors placed on various joints corresponded to the motions made. The high reproducibility and fast response of the sensor during the test showed that has potential applications in sports motion monitoring.
Introduction
Currently, there is rapidly increasing interest in wearable, highly flexible sensors in many fields, such as human health and motion monitoring. Strain sensors require relatively simple read-out systems and offer high flexibility and stretchability. Therefore, flexible sensors were presented for human motion monitoring. Trung et al. [1] provided a review of flexible and stretchable physical sensors for applications in activity monitoring and personal healthcare. Chen et al. [2] proposed a body temperature sensor that is wearable, breathable, and stretchable for healthcare monitoring.
Recently, nanomaterials with excellent nanoscale flexibility and electrical properties have frequently been employed in flexible strain sensors, such as carbon nanotubes (CNTs) [3] [4] [5] , metallic nanowires [6] , and graphene [7] [8] [9] [10] [11] [12] . Among these sensors, graphene-coated fiber sensors have great potential for application to human motion monitoring [11] . However, there are very few reports on motion monitoring with graphene-coated fiber sensors in sports.
In this work, low-cost wearable strain sensors composed of graphene-based composite fiber are developed and show the advantages of wide maximal sensing range, fast signal response and high reproducibility. We achieved human motion monitoring in soccer using these fiber sensors. The measurement and analysis of whole-movement processes were implemented. The data obtained corresponded to the activities measured, including accurate and vigorous movement. The results of the experiments could help the players improve their performance, and this new type of fiber sensor will have broad and practical applications in sports monitoring and many other areas. Figure 1 showed the images obtained by scanning electron microscopy (SEM) and the details of each step. We used double brackets as elastic supports, which were made of highly elastic polyurethane (polyurethane) core fibers and polyester (polyester, PE) fibers [13] , as shown in Fig.  1a . First of all, the fiber was etched by air plasma treatment to create the ripple-like texture on PE fibers as shown in Fig. 1b . The hydrophilicity of the fibers has been significantly improved by the generation of oxygen-containing polar groups, which were called PDCY [14] . Second, applied the graphene oxide (GO) to the PDCY (called PDCY-GO). As shown in Fig. 1c [15] , the surface of PE fibers was wrapped by GO sheets conformally while the ripple texture was still clearly visible. Finally, PDCY-GO was immersed in hydrobromic acid (HBr) to obtain a reduced GO (RGO) coated fiber (PDCY-RGO, Fig. 1d ) [16] . By repeating the process, multiple coating could be get. 
Fabrication

Strain Testing of the Fiber
After the measurement, the unit resistance was reduced from 7.72 MΩ/ m to 0.71 MΩ/ m when the number of times of coating changed from 2 to 20.The gauge factor (GF) of the fiber sensor reflects the sensitivity of the sensor, which is given by
, where ξ is the strain. In the course of the experiment, we applied a constant current to the fiber sensor, changed the strain condition, and measured the strain characteristics of the sensor by measuring the voltage data. We wrapped around the ends of the fiber with conductive copper foil tape and bundled the wires on the copper foil tape, fixed the fiber with an electro-mechanical universal testing machine, and connected the wires to a constant current source meter (Series 2006A). The current applied to the fiber was set to 5nA. The voltage values of fiber was uploaded to the computer by serial port. The data was record by a program (Figure 2 ). As shown in Figure 3 , we studied the relative resistance of fibers varied with different dip-coating times from 4-20 the fiber. For all samples, when the tensile strain was within 50%, the fiber filters of different dip-coating times had similar linear relationships, showing good stability and wide sensing range, which allowed the fibers to adapt to the body of intense sports, such as running, jumping and so on. It was calculated from the curve that GF was 6 within 1% strain and 0.85 within 50% strain. The GF reflects the high sensitivity of the sensor, so that it can monitor the fine movement, such as wrist bending, breathing and even pulse.
The sensor also has the important advantages of fast response. The fibers of 10 dip-coating were used as experimental samples, unless otherwise indicated. We plotted the high-resolution U-T response curve (Figure 4 ) after loading the transient tensile strain on the sensor. The response time was less than 100 ms, this feature helps to monitor fast and complex movements. Reproducibility are also critical for practical applications. In the 0% to 50% of the tensile strain conditions, the sensor had undergone 2000 cycles of stretching, from which picked out the six waveforms every 400 times to do the comparison. These five groups of response signals are basically the same ( Figure 5 ). It can be seen that the sensor as a daily wearable sensor is reliable and practical. 
Human Motions Monitoring in Sports
We also monitored the shooting motions in soccer. Three fiber sensors were attached on the ankle, knee of the kicking leg and the elbow to record the swing of arm (Figure 6c-6a) . A whole process of soccer shoot is divided into four phases ( Figure 7 ): The 'ready' when the player gets ready; the 'buildup' when the player builds up the ball in front of the forehead; the 'hit' when the player is kicking the ball; and the 'return' which is the recover process returning to a new round of the cycle. We required the player to complete 7 continuous shot. The corresponding data showed good cyclical. We selected a cycle of the shot signal for analysis, as show in Figure 8 . From A to B, the knee was turned from relaxation to tightening. In the 'building up' phase from B to C, the large swing of the leg was evident through the resistance changing curves of the knee and ankle. During the 'hit' phase from C to D, in order to maintain Balance, elbow tightened to the chest. The last phase showed a small change in the knee when the player returns to the initial state. By observing the data curves of sensors on knee, ankle and elbow, we could identify all the motions. Passing is a very important skill in football. The shot will usually kick with the instep (Figure 6d ). Short pass is suitable for the arch push (Figure 6e ). Long pass applies to the instep of the instep kick (Figure 6f ). For short pass (Figure 9 ), we only observed a slight change, because the ankle movement was basically the same. The difference between the shot and the long pass mainly occurred in the shooting process from C to D. Tiptoe can get a higher height to achieve long distance pass but the instep need to keep a tight straight when shooting. Note that the movement of the ankle is very subtle, so it is difficult to detect in soccer. We were still able to monitor changes in the ankle and determine the technical actions. Compared with the recent reports [17, 18] , our scheme was low cost and easy to operate. 
Summary
In general, we present a wearable graphene-based fiber sensor for activities monitor. The sensor is easy to manufacture and stabilized. In addition, this composite fiber exhibits an incorporation of high sensitivity, wide sensing range and fast response speed. As a strain sensor, the fiber sensor shows outstanding bending and torsion-sensitive properties due to the microstructural variation under different mechanical stress. The graphene-based fibers was integrated into wearable sensors, which succeeded in detecting various human activities including accurate and vigorous movement. The methods to monitor the soccer players were also introduced. The results show that the new type fiber sensors will have broad and practical applications in health monitoring, motion monitoring and many other areas.
